Results of this work are clearly more reflective of the known in vivo effects of PP and suggest that HPC/NPC cocultures are more appropriate than HPC cultures for such studies. The effect of PP on human HPC/NPC co-cultures is currently being investigated in our laboratory in an attempt to assess human risks to these chemicals more directly.
Introduction
Peroxisome proliferators (PP*) are a structurally diverse group of non-genotoxic compounds that cause an increase in the size and number of peroxisomes in responsive species (1) . These compounds include environmental pollutants such as herbicides, plasticizers and hypolipidemic drugs. Although many PP are hepatocarcinogenic in rodents (rats and mice), the mechanisms underlying this aspect of PP action remain unclear.
PP affect the levels of a large number of peroxisomal, microsomal, cytosolic and mitochondrial enzymes in hepatocytes both in vivo and in vitro (2) . PP-induced peroxisome proliferation is associated with a concomitant activation of peroxisome proliferator activated receptor-alpha (PPARα) (2) . PPARα is a member of the nuclear hormone receptor superfamily that is also activated by some fatty acids (3) . Activated PPARα acts as a transcription factor and typical hepatic responses to PP are absent in mice having a defective PPARα gene (4) . PPARα-transcriptionally-dependent genes such as liver-fatty acid binding protein (L-FABP), acyl-CoA oxidase (AOxase), and cytochrome P4504A1 contain one or more PPARα-responsive elements in their promoter regions (5) . L-FABP is an intracellular carrier of fatty acids in hepatocytes that binds and specifically mediates mitogenesis by some PP in vitro (6) . AOxase, the rate-limiting enzyme in peroxisomal fatty acid β-oxidation, is considered a marker of proliferation of hepatic peroxisomes and is also a H 2 O 2 -generating enzyme (7) . Transcription of rat cytochrome P4504A1 is considered one of the events preceding peroxisomal proliferation and inhibition of this enzyme prevents the subsequent rise in L-FABP and AOxase mRNAs resulting from exposure of rat hepatocytes to PP (8) .
As classical genotoxicity studies involving PP have been uniformly negative (9) , several mechanisms of PP-induced hepatocarcinogenesis have been proposed. One such mechanism, the 'oxidative stress' theory implicates H 2 O 2 generated by increased peroxisomal enzymes in oxidative DNA damage (10) . However, a causal relationship associating peroxisome proliferation, oxidative DNA damage and hepatocarcinogenesis has not yet been established (11) (12) (13) . PP also induce a mitogenic effect in the initial days after repetitive exposure in responsive species in vivo. This early rise of replicative DNA synthesis by PP was thought to dissipate with continued treatment (1). However, Marsman et al. (14) showed that the highly carcinogenic PP, Wyeth-14 643 (Wy), caused a sustained hepatocyte proliferation in rat livers, while the weakly carcinogenic PP, diethylhexylphthalate, did not. Another mechanism implicating hepatocyte proliferation in PP-induced hepatocarcinogenesis has therefore been proposed (14, 15) . This concept associating sustained hepatocyte replication with increased PP-induced liver tumors is also supported by studies of Evans et al. (15) in which the induction of peroxisome proliferation, replicative DNA synthesis and liver tumor formation in the rat by the PP nafenopin, methyl clofenapate, Wy and clofibric acid were compared.
Despite the fact that significant induction of DNA synthesis and gene expression by PP in rat livers in vivo has been frequently reported, similar studies in primary hepatocyte 
Animals
Male F344 rats were obtained from Charles Rivers Breeding Laboratories (Raleigh, NC) and were maintained on NIH-31 diet (Agway, Ithaca, NY) and water ad libitum in the NIEHS facilities for a minimum of 1 week prior to use for hepatocytes isolation.
Isolation of primary rat hepatocytes (HPC)
HPC were prepared by the two stage perfusion technique as described in Seglen (1976) (20) with minor modifications. Briefly, 8-to 11-week-old male Fisher 344 rats were subjected to anesthesia using pentobarbital (100 mg/kg body weight; i.p.). Livers were perfused in situ via the portal vein first with 300 ml Hank's balanced salt solution containing 0.5 mM EGTA and then dissociated with 300 ml of complete culture medium supplemented with 0.04% collagenase type IV. Digested livers were passed through a 0.125-mm gauze followed by 60-µm mesh polyester filter (Spectrum Houston, TX) to remove cell aggregates. Hepatocytes were pelleted by centrifugation at 50 g for 2 min. The pellet was resuspended in 80 ml of complete culture medium, layered onto 80 ml of 60% stock isotonic Percoll (SIP) in PBS (100% SIP ϭ 9 volumes Percoll:1 volume 10ϫ PBS) having a refractive index of 1.345 as measured by Fisher Abbe Refractometer (Fisher Scientific, Pittsburgh, PA) and centrifuged at 50 g for 10 min (21). The supernatant obtained from the first 50 g centrifugation was collected and centrifuged at 200 g for 10 min.
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This pellet consisted mainly of non-parenchymal cells (25, 22) . Viability of hepatocytes as assessed by Trypan Blue exclusion was Ͼ80%.
Primary hepatocyte cultures
HPC were plated at densities of 25 000/cm 2 in Matrigel -coated (™3 mg protein/well) 12-well culture plates (Costar Cambridge, MA) for [ 3 H]thymidine incorporation studies and at 100 000 HPC/cm 2 in Matrigel-coated (™7 mg protein/well) 6-well culture plates for RNA quantitation studies. In co-cultures, Percoll-purified HPC were plated with non-parenchymal cells at an initial ratio of 1:20 (HPC:NPC). Cells were maintained in 500 µl of Waymouth's modified medium to which glutamine (2 mM), ascorbic acid (0.28 mM), insulin (0.2 µg/ml; 5.5 mU/ml) and penicillin (100 U/ml)-streptomycin (100 µg/ml) were added. Cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. The medium was replaced following an initial attachment period of 3 h and every 24 h thereafter. Following 4 days in culture, the cells were treated with Wy or vehicle (DMSO) as indicated in the Results section. The final concentration of DMSO in treated and control cultures was ഛ0.2 %.
Isolation of RNA
Total RNA from each plate was isolated using the Tri-reagent LS as described by the manufacturer. Briefly, Tri-reagent LS was added directly to the plates. The aqueous phase was collected and RNA was precipitated using isopropanol. RNA was stored at -70°C in diethylpyrocarbonate-treated water. RNA quality and quantity was determined spectrophotometrically.
Reverse-transcriptase polymerase chain reaction (RT-PCR) assay
RT-PCR was carried out as a single tube reaction using the GeneAmp PCR system 9600 (Perkin-Elmer, Foster City, CA). Master mixtures containing 1ϫ rTth DNA polymerase buffer, 300 µM (each) deoxyribonucleoside triphosphates (dNTPs) (dATP, dCTP, dGTP and dTTP), 2.5 mM Mn (OAc) 2 and 2.5 units of rTth DNA polymerase were set up. Aliquots of 50 ng RNA were added to an oligonucleotide mix that was pre-aliquoted into reaction tubes (oligonucleotide sequences are listed in Table I ; one oligonucleotide from each pair was designed to anneal at an exon/intron junction or in a distinct exon). Thereafter, the master mix was added to these tubes to bring the final volume to 25 µl. Reaction mixtures were held at 65°C for 30 min followed by a denaturing step at 94°C for 1 min. Each cycle included a denaturing step at 94°C for 1 min, an annealing step at 65°C for 30 s, and an extension step at 72°C for 1 min. A final extension step at 72°C for 10 min was included in all amplifications. Amplification was performed using 24 cycles for albumin and L-FABP and 35 cycles for P4504A1 and AOxase. P4504A1 exogenous internal standards were designed using 40mer oligonucleotides. The forward 40mer consisted of the P4504A1 forward primer sequence at its 5Ј-end listed in Table I and the 3Ј-end 15-nucleotide sequence of the forward rat albumin primer at its 3Ј-end. The reverse 40mer was designed using a similar strategy. These 40mers were used to amplify rat albumin cDNA. A similar strategy was used to generate the exogenous internal standard for AOxase.
Kinetic analysis (18 to 40 cycles) was performed to determine the optimal conditions for detection of L-FABP and albumin mRNAs. Omission of the RT step was used to distinguish amplification of DNA from RNA. The identity of PCR products was confirmed by direct sequencing using the DyeDeoxyTerminator sequencing kit and Applied Biosystems 373 DNA sequencer (Perkin-Elmer, Foster City, CA).
Amplified RT-PCR products were analyzed on 5% agarose gels containing 0.5 µg/ml ethidium bromide. Documentation of the intensity of ethidium . The cells were lysed in this solution at 37°C for 1 h with swirling. The lysate was then transferred to microfuge tubes containing 100 µg proteinase K and incubated at 50°C for 2 h. Aliquots of 700 µl of 30% trichloroacetic acid (TCA) were then added, the solution mixed and centrifuged at 12 000 g for 30 min. The supernatant was decanted and the pellet was washed with 1 ml 10% TCA for 1 h. The tubes were centrifuged again for 30 min. An aliquot of 1 ml of 80% ethanol was added to the pellet and the tubes stored at 4°C overnight. The solution was centrifuged again and the pellet dried and dissolved in TE buffer (10 mM Tris-Cl, 1 mM EDTA; pH 8.0). [ 3 H]Thymidine incorporation was then determined using a Beckman Scintillation counter (Beckman Instruments Inc., Fullerton, CA). DNA concentration was measured in a microtiter plate fluorescent assay using SYBR Green I dye.
Statistical analyses
Statistical analyses of unpaired samples was performed using the two-tailed Student's t-test. Values were considered statistically significant at P ഛ 0.05. Figure 1 shows photomicrographs of HPC cultures (1A) and HPC/NPC co-cultures (1B) that were maintained on Matrigel for 4 days. In contrast to HPC cultured separately, HPC and 2079 was digested with Dispase ® for 1 h at 37°C. Digestion was stopped with the addition of 50 mM EDTA for 30 min at 4°C. Cells were then fractionated on a Percoll gradient and radiolabeled DNA was isolated and quantitated as described above.
Results

Wy-induced replicative DNA synthesis in HPC cultures and HPC/NPC co-cultures
Induction of HPC DNA synthesis by Wy at 48 h in HPC/ NPC co-cultures was dose-dependent and a significant increase relative to DMSO-treated co-cultures was detected at a Wy concentration as low as 0.01 µM (Figure 3) . Figures 4 and 5 show the expression of P4504A1, AOxase, L-FABP and albumin RT-PCR products obtained from total RNA isolated from HPC and HPC/NPC co-cultures, respectively, and separated on 5% agarose. Two RT-PCR products for P4504A1 were consistently detected. The smaller P4504A1 product (364 bp) matched the expected RT-PCR product size (exons 11 to 13) and the published P4504A1 cDNA sequence (25) . Neither the long nor short P4504A1 products were detected when the reverse transcription reaction was omitted. The sizes of all RT-PCR products are listed in Table I. A significant induction of AOxase, P4504A1 and L-FABP RT-PCR products was detected in HPC cultures treated with 10 µM Wy for 48 h (Figure 4) . Similarly, a significant concentration-dependent increase in the transcription of these genes was detected using total RNA isolated from HPC/NPC co-cultures treated with increasing concentrations of Wy for 48 h. At 0.001 µM Wy, the levels of P4504A1, AOxase and L-FABP transcripts were relatively unaffected relative to DMSO-treated HPC/NPC co-cultures. However, an increase in all three RT-PCR products relative to control groups was observed at 0.1 and 10.0 µM Wy ( Figure 5 ).
Wy-induced gene expression in HPC/NPC co-cultures and HPC cultures
Discussion
Peroxisome proliferators are a diverse group of non-genotoxic chemicals, many of which are hepatocarcinogenic upon chronic administration to rats and mice (10) . Despite the widespread use and potential for human exposure to PP, their mechanism of action remains poorly understood and minimal information is available on the susceptibility of humans exposed to these chemicals. The overall objective of this work is to elucidate the mechanism(s) of PP action in an attempt to assess human risks to these chemicals. Current investigations were undertaken to examine the induction of specific PPARα-dependent genes (P4504A1, AOxase and L-FABP), and replicative DNA synthesis in hepatocytes (HPC) cultured with or without non-parenchymal cells (NPC) exposed to the prototype nongenotoxic rodent carcinogen, Wy-14 643 (Wy). Despite the fact that Wy induces a consistent enhancement of HPC replicative DNA synthesis in vivo (14-16), our preliminary results (26) and those of others (17) (18) (19) have not produced quantitatively similar enhancement in primary rat HPC cultures. This discrepancy between the in vivo and in vitro effects of PP on HPC prompted us to re-evaluate this culture model in investigating PP action. NPC constitute~60% of all rat liver cells (21) and have been reported to enhance the rate of HPC basal DNA synthesis in co-cultures (22) . Further, recent studies suggested that Kupffer cells (resident hepatic microphages) are activated by PP in vivo (27) . We therefore fractionated liver cells into HPC and NPC populations and compared the effects of Wy on HPC cultured with or without NPC.
Microscopic examination of HPC cultured with or without NPC clearly showed that HPC and NPC have established colonies and evidence of physical contact between the two 2081 cell types is obvious in the co-cultures. Our data demonstrated that HPC/NPC co-cultures had significantly higher levels of HPC replicative DNA synthesis in both vehicle and Wy-treated groups relative to matching HPC cultures. The effect of Wy on HPC replicative DNA synthesis in HPC/NPC co-cultures was Wy concentration-dependent and was maximum after 48 h. The increase in the basal levels of replicative DNA synthesis is in agreement with earlier work using co-cultures (22) . Additionally, the effect of Wy on HPC replicative DNA synthesis in co-cultures relative to controls is several fold greater than the reported response in HPC cultured separately (17) (18) (19) 26) . In comparison, negligible induction of DNA synthesis in NPC by Wy was observed at 48 h. To determine the cell type incorporating the radiolabel in HPC/ NPC co-cultures, we separated HPC and NPC from co-cultures using Percoll fractionation following incubation with Wy for 48 h. Using this approach, we determined that most of the radiolabel was localized in HPC and not NPC. These results are consistent with the low mitotic index of NPC (22) (23) (24) (25) (26) (27) (28) and confirm that induction of replicative DNA synthesis occurs selectively in HPC.
It is clear that induction of HPC replicative DNA synthesis by Wy was significantly enhanced by NPC. NPC consist of several cell types of which one or more could have mediated this enhancement. One type of hepatic NPC that has been shown to be activated by PP is the Kupffer cell (resident hepatic macrophages). Kupffer cells constitute~10% of all liver cells (28) and have been shown to be activated by PP (27) . Increased phagocytosis by Kupffer cells has been demonstrated by Bojes and Thurman (27) in perfused rat liver treated with PP. Increased free intracellular calcium in Kupffer cells by Wy has been reported by Hijioka et al. (29) , and Rose et al. (30) have also shown that Kupffer cells engulf particles of the PP, LY171883. When activated, Kupffer cells apparently release several biologically active mediators including cytokines, TNF-α, leukotrienes and prostaglandins (31) (32) (33) . Many of these molecules are known to modulate HPC growth. Recent studies showed that antibodies to TNF-α (34) and inactivation of Kupffer cells using methyl palmitate (35) prevented Wyinduced HPC proliferation in vivo.
PPARα was activated by Wy in both HPC cultures and HPC/NPC co-cultures as evident by increased transcription of PPARα-dependent genes (P4504A1, AOxase and L-FABP). It is obvious from this data that increased transcription of PPARα-dependent genes occurs specifically in HPC and this increase was Wy-concentration dependent. Present work demonstrated that relatively similar Wy-induced transcription was detected in association with low levels of DNA synthesis (HPC cultures) and in association with high levels of DNA synthesis (HPC/ NPC co-cultures). We therefore believe that increased transcription alone was not sufficient to account for maximum induction of DNA synthesis by Wy. However, present findings may suggest that NPC, together with the transcription of PPARα-dependent genes in HPC may cooperate to elicit HPC replicative DNA synthesis. It is possible that replicative DNA synthesis detected in HPC cultured with Wy may, at least partially, be caused by the presence of residual NPC cells in the HPC cultures.
Cell proliferation is believed to be an important factor in the development of carcinogenesis as it increases the rate of spontaneous mutations and also promotes initiated cells into tumors (33) . The concept that sustained cell replication is associated with increased PP-induced liver tumors is supported by studies of Marsman et al. (14) and Evans et al. (15) . The former demonstrated that the more potent carcinogenic PP, Wy, induced a sustained low level of HPC replication while the weaker carcinogenic PP, DEHP, did not. Similar observations were made by the latter in studies comparing the induction of peroxisome proliferation, replicative DNA synthesis, and liver tumor formation in the rat by the PP nafenopin, methyl clofenapate Wy and clofibric acid.
In conclusion, the use of HPC/NPC co-cultures to investigate the action of Wy resulted in a response that is more reflective of the known effects of this chemical in vivo. Hence, HPC/ NPC co-cultures may prove superior to HPC cultures for the investigation of the effects of PP and other hepatocarcinogens in vitro. In addition, as several studies have implicated sustained increase in HPC replication in the carcinogenicity of PP (14, 15, 34) , the use of HPC/NPC co-cultures may improve extrapolations from in vitro to in vivo and consequently provide an alternative to whole animal use. Application of co-cultured human HPC/NPC to assess the effects of PP will facilitate extrapolation from animals to humans and therefore allow for a more accurate human risk assessment. We are currently comparing the effects of Wy on human and rat HPC/NPC cocultures and characterizing the mechanisms of interactions between HPC and NPC.
